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New Waveguide Method for Studying Water-Saturated Sediment
Sound Speed Dispersion at Low Frequencies
by Adrienne McCarty
This research investigates a new technique to measure the sound speed in water-
saturated sediment at low frequencies (under 2 kHz). Due to the difficulty in
acquiring low frequency data, dominant models for predicting sediment sound
speed dispersion, such as the Biot model, have not been thoroughly experimen-
tally verified in the low frequency region. Future experiments will collect data to
compare against this elusive region of the model, but for now we chose an idealized
sediment whose portion of the predicted dispersion curve in our frequency range
has held up well to experimental verification in the past. We used the resonance
measurements from both an aluminum and glass waveguide with packets of ide-
alized sediment strung along their axes to indirectly measure the water-saturated
sediment sound speed. We tried both a Matlab analysis combining several theo-
retical models and also numerical modeling with COMSOL to analyze the data.
Although there are still some problems with the data analysis, it has the potential
to be a valid and powerful new technique to evaluate the low frequency region of
the Biot model.
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The frequency dependence of ocean sediment acoustics is important to understand
in order to be able to use sonar to detect objects or send signals over large dis-
tances because of the inevitability that these signals will interact and be altered
by the ocean floor. The Biot model is one of the dominant models for predict-
ing water-saturated sound speed dispersion, but remains relatively untested with
experimental data at low frequencies (under 2 kHz). This is mainly due to low
frequency data being difficult to collect. The goal of this experiment is to explore
a new technique that allows measurements of water-saturated sediment sound
speed at low frequencies that can subsequently be compared to the Biot and other
models. The technique was adapted from a resonator method previously used to
study encapsulated bubbles and allows us to study frequencies between 300 Hz
and 3 kHz.
1.2 Background
1.2.1 The Biot Model
There is no singular comprehensive model for sound propagation in water-saturated
sediment. Different models excel in predicting certain properties in the data col-
lected thus far but fail to accurately predict other aspects. The Biot model’s core
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mechanism is the relative motion between the water and the sand grains and pre-
dicts a lower sound speed at low frequencies followed by an increase to a higher
sound speed beyond some transition frequency (1,2). It is currently a dominant
model for predicting sound speed dispersion and is what our data will be com-
pared against. The Biot model has been validated for high frequencies but is
almost completely untested at low frequencies, which is why this technique will be
so important (1).
There is a slightly simplified version of the Biot model called the effective density
fluid model, or EDFM (1). The EDFM makes the approximation that the bulk
and shear moduli – a material’s resistance to compression and shear strain respec-
tively – of the sediment frame (the lattice made up of all the sediment grains) are
negligible compared to the bulk moduli of the sediment and water. Given that
the gap is around three orders of magnitude, the approximation is appropriate.
Regardless, the sound speeds predicted by the EDFM are quite close to those
predicted by the full model.


















ρeff (ω) = ρf
[
α(1 − β)ρs + β(α− 1)ρf + iβρFηρfωκ
β(1 − β)ρs + (α− 2β + β2)ρf + iβFηωκ
]
(1.3)
Here, β is the sediment porosity, Kr andKf are the sediment and fluid bulk moduli,
ω is frequency, α is tortuosity (a comparison between the shortest continuous path
length and the straight path length), ρs and ρf are the sediment and fluid density,
ρ is the total mass density, η is the fluid viscosity, and κ is the permeability.
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It may seem odd that the phase speed is complex, but it is simply a useful construct
for the model. The real part is the phase speed we are familiar with while the
imaginary part contains information regarding the attenuation of a signal, an
aspect not considered in this experiment.
The end goal is to use this new technique to study the transition region predicted
by the EDFM (Fig. 1.1).
Figure 1.1: EDFM curve of a small grained sediment that has its transition
frequency in our waveguide’s frequency range (highlighted in red).
1.2.2 Previous Methods
Some methods previously used to study the acoustics of ocean sediment were
broad-spectrum sea tests and laboratory experiments with a tank completely filled
with water-saturated sand (2,3). Sea tests have an incredible number of extrane-
ous variables even under the best of circumstances, and the time-of-flight mea-
surements became very uncertain under roughly 1.2 kHz. To be fair, Zimmer et
al were focused on higher frequencies – their range went up to around 400 kHz
– doubtlessly because they understood that was where their technique would be
strong (3). The sediment-filled tank had a similar range. They made resonance
measurements for frequencies between 2 and 4 kHz and time-of-flight measure-
ments for frequencies above 20 kHz. This method had the additional complication
that there was coupling between the sediment and the waveguide walls.
Chapter 1. Introduction 4
1.2.3 The Resonator Technique
As mentioned previously, the Biot model remains relatively untested against ex-
perimental data for frequencies under 2 kHz. With our waveguides, we are able
to study frequencies between 300 Hz and 3 kHz. The resonator technique used
here is a familiar method for studying the acoustics of encapsulated bubbles at
low frequencies (4). It is altered here for our purposes simply by replacing the
encapsulated bubbles with packets of water saturated sediment.
The ideal waveguide is a rigid cylinder with pressure release conditions at both
ends (Fig. 1.2a). Resonances occur at wavelengths determined by the length of




, n = 1, 2, 3... (1.4)
where L is the length of the waveguide. By finding the frequencies at which the
resonances occur, since we know already the wavelengths to which those frequen-
cies correspond, we can calculate the sound speed of the contents of the waveguide
at every resonance frequency via the equation
λ = λf =
2Lfn
n
, n = 1, 2, 3... (1.5)
Our aluminum waveguide has 12 resonances in the 300 Hz to 3 kHz range, so that
will be how many sound speed measurements we will be able to make. Our glass
waveguide has six resonances between 400 Hz and 3 kHz.
However, our waveguides are not ideal. The presence of the concrete floor beneath
the waveguide causes the bottom boundary condition to deviate from a perfect
pressure release (Fig. 1.2b). Although the wavelengths rapidly become short
enough that the concrete is beyond their notice, the presence of the foam is unable
to mimic a perfectly free boundary for the lowest frequencies. We can monitor
the effect of this flaw by studying the case where the waveguide is filled only with
water. The deviation caused is very small and is essentially corrected simply by
adjusting the mode number n to be a non-integer for the first (half-wavelength)
mode so that the ideal curve matches the shape of the first peak.
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Figure 1.2: (a) Ideal waveguide’s structure and first three modes. (b) Realistic
waveguide and an exaggerated representation of the shift in the first three modes
caused by the imperfect pressure release at the bottom boundary
Additionally, the walls of the waveguide are not perfectly rigid. In a water-filled
waveguide, there can be significant coupling between the liquid and the tube that
causes a reduced sound speed compared to what would be observed in an un-
confined environment (5). Lafleur and Shield’s equations describing this elastic
waveguide effect are not ones that can be easily inverted, but we used an exact
analytical model to vary the intrinsic sound speed of the waveguide’s contents
until the model’s output matched the measured sound speed. After doing this for
each data point, we have a new set of sound speeds – the values used as inputs for
the model – that have been corrected for the elastic waveguide effects.
Having accounted for the apparatus’s shortcomings, we are left with the sound
speed that is the net result of everything inside the waveguide, both the water
and the water-saturated sediment packets. Because of the indirect nature of our
measurements, we must translate them through yet another equation to find the
sound speed of the water-saturated sediment sample alone. To this end we solve






















where cm is the sound speed of the mixture, χ is the void fraction (the ratio of
the sediment packet volume to the volume of the waveguide), ρs and cs are the
density and sound speed of the sediment, and ρl and cl are the density and sound
speed of water (6). This sequence of corrections and translations were compiled
into a Matlab code to analyze our experimental data (Appendix A).
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1.3 Overview of Research
The main purpose of this research is to investigate a new method of studying
sediment sound speed dispersion in the lab by suspending sediment packets along
the axis of a waveguide. To do this, experiments were done in an aluminum
and a glass waveguide with a sediment whose accompanying EDFM curve is well
verified in our frequency range. Both the Matlab analysis described above and
numerical modeling using a finite element software called COMSOL were used to
try to extract sound speeds from the collected data. The future purpose of this
research it to use this new method to acquire sediment sound speed data that can
be compared to relatively untested parts of the Biot and other models.
1.3.1 Experimental Measurements
Altogether, we studied three combinations: bead filled netting in an aluminum
waveguide, bead filled balloons in a shorter glass waveguide, and bead filled netting
in the glass waveguide. A signal analyzer sent a signal to the shaker and piston
suspended above the waveguide’s top that acted as the sound source, emitting
a periodic chirp from 98.926 Hz to 3 kHz. A hydrophone scanned the length
of the waveguide and recorded the acoustic pressure spectrum as a function of
position. The signal analyzer normalized the measured sound pressure signal by
the sources signal to give transfer functions. Runs without sediment packets were
done as a baseline and a drop in resonance frequencies accompanying the presence
of the sediment was observed. Analysis of the transfer functions was done with
the Matlab analysis, and on the occasion that it failed, further analysis was done
with COMSOL.
1.3.2 Experimental Measurements
The initial analysis applied to both waveguides consisted of a Matlab program
combining several sequential models. These models intended to infer from the
raw data the values for the water-saturated sediment sound speed that we could
compare to the sediment’s Biot model curve. We also decided to use COMSOL
finite-element modeling software to model the aluminum waveguide. We created a
dimensionally accurate 2D axisymmetric representation of the waveguide that we
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then calibrated using the baseline water-filled aluminum waveguide experimental
data. We then sought to alter the sediment parameters to fit the COMSOL-
predicted spectra to the resonance frequencies found in the experimental data of




Fig. 2.1 shows the general setup for both waveguides.
Figure 2.1: Complete diagram of the experimental setup.
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2.1.1 Aluminum Waveguide
This waveguide is a 1.9879 m tall and 0.7 cm thick aluminum cylinder with an
inner radius of 10.15 cm. The top is open to the air and the bottom is sealed with
a thin latex membrane and set atop roughly 25 cm of Styrofoam. A Labworks
shaker rests above the top opening on a foam block and drives a 1.5-inch diameter
piston that acts as the sound source. A hydrophone affixed to the end of a metal
rod is attached through a pulley to a motor so that we could scan the hydrophone
through the entire length of the waveguide as we collect data.
2.1.2 Glass Waveguide
Our glass waveguide is 1.524 m tall and 0.91 cm thick with an inner radius of
3.09 cm. The top is open to the air and there is about 10 cm of Styrofoam under the
rubber membrane sealing the bottom. A shaker driving a 0.5 -inch diameter piston
is suspended above the waveguide’s opening with a clamp attached to the angle
iron frame encompassing the tube. The hydrophone is attached to an identical
scanning apparatus as used with the aluminum waveguide. The glass waveguide
has a plastic tray surrounding the top opening to catch water that spills out, which
is then drained into a bucket through a hose attached to the catchment’s bottom.
Due to the narrowness of this waveguide, the water displaced by the hydrophone
and its rod would cause a noticeable change in the height of the water column.
Allowing the displaced water to leave ensures the waveguide has the same effective
length throughout the experiment.
2.1.3 Data Acquisition System
We used a HP89410A signal analyzer to send a signal to the shaker. The signal
was a periodic chirp ranging in frequency from 98.926 Hz to 3 kHz, with a spacing
between frequencies of 1.8132 Hz. The hydrophone scanning apparatus was used
in conjunction with the signal analyzer to acquire transfer function data along
the length of the waveguide tube. Both the data acquisition and scanning was
controlled through a Labview program.
Chapter 2. Experiment 10
2.2 Experimental Procedure
2.2.1 Sediment
In this experiment, we used P205 glass technical spheres. With a diameter of 2 mm,
they are obviously not a realistic equivalent to most ocean sediment, but they are
perfectly suited to test against the Biot model, especially since the uniformity
removes most extraneous sources of error. There are many sediment properties
needed in order to use the effective density fluid model. Fortunately, various
properties of several types of sands and glass beads were cataloged by Theodore
Argo in his dissertation (7). Although Argo never analyzed this specific size of
glass beads, he did study identical ones of other sizes and the intrinsic material
properties are the same. From his research, we know the density of the glass is
2487.0 kg/m3, the bulk modulus of the glass is 39.8 GPa, and the tortuosity is
1.58. The diameter of our glass beads is 2 mm and this was verified both by direct
measurement and by passing them through sieves. We measured the porosity to be
0.373 by finding the difference in mass before and after adding degassed water to
a known volume of packed glass beads. This procedure was effective for the glass
beads due to their size and perfectly spherical shapes, but would not be accurate
at all for actual sand. We calculated the permeability from the porosity by taking
advantage of the ideal nature of the glass beads and using a hard sphere packing





where β is the porosity and d is the bead diameter. Using these parameters,
we found the predicted EDFM sound speed dispersion curve for the 2 mm glass
beads (Fig. 2.2). Our frequency range is highlighted in red and is well above the
beads’ transition frequency in a part of the model that is well verified by previous
experimental data, as we intended.
2.2.2 Aluminum Waveguide
After filling the waveguide with water, we began the degassing process, aiming
for a dissolved oxygen level around 35%. Initially, we used the familiar method
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Figure 2.2: The effective density fluid model’s predicted sound speed disper-
sion curve for the 2 mm glass beads.
of using a degasser, which pumps the water through a plate with small holes. As
the water enters the holes, the pressure drops and the dissolved gas comes out of
solution. The free bubbles then pass back out of the degasser, rise to the top of
the waveguide, and are released at the water’s surface. However, this process is
incredibly slow, so we decided to try a new method. We attached a vacuum pump
to the top of the waveguide using a sheet of rubber as a seal. This allowed the
degassing to be nearly complete in two hours rather than six. The glass beads
were bundled into 18 identical 4 cm radius mesh packets, which resulted in a 7.9%
volume fraction of sediment in the tube. These packets were suspended uniformly
along the center of the waveguide using monofilament line. The vacuum was run
for another hour for good measure and then allowed the waveguide to rest for
several days so that the gas trapped between the beads was completely absorbed
by the under-saturated water. This is the main goal of the thorough degassing
since stray bubbles cause an impressive amount of distortion. Occasional test runs
were taken to monitor the data clarity and after four days the data was sufficiently
clear to begin the experiment.
Before each data run, we measured the water temperature, the dissolved oxygen
level, and the distance between the top of the waveguide and the water’s surface
(which is subtracted from the waveguide’s height to get the waveguide’s effective
length).
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After removing the sediment packets, we refilled the tank with degassed water to
the original water level and scanned the empty waveguide in an identical fashion.
2.2.3 Glass Waveguide
Since this tube has a much smaller volume, it was easier to degas the water prior
to filling the waveguide. To do so, a 4 L flask was set atop a magnetic spinner and
attached directly to a vacuum for an hour until the dissolved oxygen levels were
about 35%. Two flasks provided more than enough water to fill the waveguide.
The glass bead packets were prepared two different ways. For both cases, we
created 13 packets with a radius of 1.9 cm in order to have a volume fraction
of 8%. Firstly, we encapsulated them in a balloon in anticipation of needing to
suspend sediment of much smaller grain size (for which the corresponding mesh
would trap in air bubbles) in order to get data in the transitional region of the Biot
model. A measured amount of beads and enough (thoroughly) degassed water to
more than cover them were put into a water bottle. An inflated balloon was then
attached onto the bottle’s mouth and the whole thing was inverted so the contents
of the water bottle went into the balloon. The water was allowed to fountain out
the balloon’s opening until there was no extra water than what was needed to
fill in the gaps between the beads. This method assumed that most of the air
would have left once water started coming out as the balloon deflated and that
whatever air remained would be reabsorbed by the degassed water as it sat for
a day before being put in the waveguide. However, the neck of the balloon was
narrow enough that the continuous shaking necessary to get everything to enter
the balloon could have significantly reoxygnated the water. We also created mesh
packets in the same fashion as for the aluminum waveguide experiment. Reusing
the degassed water from the balloon experiment that still sat in the waveguide, we
also degassed the waveguide with the netting packets inside for a few hours with
the vacuum method used with the aluminum waveguide. Letting it sit overnight
under pressure between degasing sessions resulted in a dissolved oxygen level of
around 13%.
As with the aluminum waveguide, we measured the water temperature and dis-
solved oxygen levels before each data run and did a run with a water-filled waveg-
uide for a baseline after removing the sediment packets.
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2.3 Aluminum Waveguide with Sediment-Filled
Netting
2.3.1 Measurements
The stacked transfer functions (Fig. 2.3) provide a very intuitive representation
of the resonances and nodes that exist within the waveguide. It is used to identify
the mode number based on the mode shape. An individual transfer function is
shown in Fig. 2.4 and is used to find the frequency corresponding to each mode.
Figure 2.3: Transfer functions at each point scanned along the column of
the waveguide stacked together and colored so red marks where the individual
transfer functions peaked. The vertical axis is z/L, so we read the fractional
depth from the water’s surface.
Fig. 2.5 compares the spectrum of the baseline, water-filled waveguide to the
spectrum of the waveguide containing the sediment packets. The shift down in
frequency is due to the presence of the water-saturated sediment packets, so al-
though it is an indirect measurement, we should be able to infer sediment sound
speed values.
2.3.2 Data Analysis
The data is quite clean. However, the Matlab code used for the analysis yields
unrealistic results. Up until the final steps, everything behaves as it should. Fig.
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Figure 2.4: An individual transfer function in which all twelve peaks are
clearly visible.
Figure 2.5: Transfer functions of the aluminum waveguide with and without
the sediment packets overlaid to show the shift in resonance frequencies.
2.6 shows the data as we vary the intrinsic sound speed of the waveguide’s contents
to determine the values that would produced the measured sound speeds, distorted
by the elastic waveguide effect.
The data shows little evidence of dispersion: this one value for the intrinsic sound
speed, matched to the third data point, creates a curve that suits all of the other
points well enough to at least fall within their error bars. This agrees well with the
EDFM’s predictions for the sound speeds in our frequency range. As seen in Fig.
2.2, the model predicts the transition frequency to be at a much lower frequency
and the dispersion curve to be comparatively flat in the highlighted region.
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Figure 2.6: Using the elastic waveguide model to find the sound speed, here
for the third data point, that would result in the measured sound speed.
However, Wood’s equation produced complex values for the water-saturated sedi-
ment sound speeds. After experimenting with the inputted intrinsic sound speed
values found with the Lafleur and Shield’s waveguide effect section of the Matlab
analysis, we found that there was a cutoff point at about 1,496 m/s where any
speed above that resulted in an imaginary sound speed, thus dropping down to
the x-axis when plotted (Fig. 2.7). Below that cutoff, minute differences in the
corresponded to an unrealistically large range in (real) sediment sound speed.
Figure 2.7: Calculated sound speed of the water-saturated glass beads com-
pared to the corresponding EDFM model curve. The sound speeds are imag-
inary and thus register as zero when plotting, since their real components are
zero.
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Figure 2.8: Imaginary part of the calculated sound speed of the water-
saturated glass beads compared to the corresponding EDFM model curve.
Fig. 2.8 shows the imaginary part of the calculated sediment sound speed values.
It shows that a range of 20 m/s in the intrinsic sound speeds translated to a
range of over 4,000 m/s for the water-saturated sediment sound speed. Here,
the smallest inputted intrinsic sound speed resulted in the largest sediment sound
speed. Below the cutoff, the smaller intrinsic sound speed value corresponded to
a smaller sediment sound speed.
The problem may rest with the Lafleur and Shield’s waveguide effect section of the
Matlab analysis. There appears to be an artificial ceiling in the model such that
the waveguide sound speed asymptotically approaches a certain value regardless
of how large a value of the intrinsic sound speed is inputted. This may be due to
using a somewhat simplified version of Lafleur and Shield’s model. The full version
involves a complex phase speed and has not been successfully incorporated into
the Matlab program as of yet.
There are two main sources of uncertainty in the experiment in general. The
first is the effective length of the waveguide. Due to the slightly irregular bottom
surface of the waveguide and the awkward angle from which we measure the water
height, this is the most uncertain measurement made. The other is the width of
the frequency bins when finding the resonance frequencies.
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2.3.3 Summary of Results
With this waveguide method, we can clearly see a shift in frequencies due to the
presence of the sediment packets. Although the Matlab analysis was unsuitable
for analyzing data from the aluminum waveguide, we decided to try modeling the
system numerically using COMSOL (see Chapter 3)
We also decided to try the same experiment in a smaller, glass waveguide. Glass is
much more rigid than aluminum and thus would have a much smaller waveguide
effect. Also, different dimensions may change the parameters enough to get out of
the asymptotic zone in the Matlab analysis.
2.4 Glass Waveguide with Sediment-Filled Bal-
loons
2.4.1 Measurements
Overlaying the spectra of the glass waveguide with and without sediment packets
(Fig. 2.9) shows the same shift down in frequency caused by the presence of the
beads as seen with the aluminum waveguide. This shift is slight everywhere, but
becomes visible on the graph above 2000 Hz.
Figure 2.9: Transfer functions of the glass waveguide with and without the
sediment-filled balloons overlaid to show the shift in resonance frequencies. Mea-
surements are shown in red for sediment-filled balloons and black for water-filled
waveguide.
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2.4.2 Data Analysis
Using the same Matlab analysis, which showed none of the strange behavior from
before, we calculated the sediment sound speeds at the 6 waveguide resonances.
Wood’s equation did not give complex results this time. However, the sound
speeds still disagreed with the EDFM curve (Fig. 2.10), although this time with
a coherent pattern that suggests there may be some systematic error present.
Figure 2.10: Calculated sound speed of the water-saturated glass beads (cir-
cles) compared to the corresponding EDFM model curve (solid line).
We hypothesized that this deviation may be due to the presence of small bubbles
that were not reabsorbed into solution inside the sediment-filled balloons. A sound
speed dispersion curve is shown in Fig. 2.11 for 1 mm radius bubbles with a void
fraction of 0.001% (8). The sediment already has a very small effect, and the
presence of any bubbles would easily drown it out. For the beads, the change in
sound speed over our frequency range is roughly 10 m/s while the change due to
bubbles would be closer to 500 m/s.
The dispersion curve for the air bubbles has both the same general shape and
change in frequency as our experimental results. Furthermore, our experimental
sound speeds range between 1500 m/s and 800 m/s, similar to the bubbles’ range
and well below what is predicted by the EDFM.
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Figure 2.11: Sound speed dispersion for 1 mm bubbles with 0.001% void
fraction.
2.4.3 Summary of Results
Although the calculated sound speeds seem to be skewed from the predicted values
by some unaccounted for variable, the Matlab analysis appears to be functioning
correctly. We suspect this variable may be the presence of tiny bubbles within
the sediment packets. Due to the continuous shaking required to get the sediment
inside the balloons, it is believable that the water would be reoxygenated enough
to allow small bubbles to remain and distort the data. In order to test if this
is the case, we did a second experiment in the glass tube, this time with the
sediment contained in the same netting packets as used before with the aluminum
waveguide.
2.5 Glass Waveguide with Sediment-Filled Bal-
loons
2.5.1 Measurements
A transfer function from a waveguide run with the sediment packets is shown in
Fig. 2.12. Due to the extreme degassing, this data is exceptionally clean. The
coherence, a ratio of the net energy detected by the hydrophone to the energy of
the sound source signal, was one for nearly all frequencies.
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Figure 2.12: The spectrum of the glass waveguide with sediment packets.
2.5.2 Data Analysis
Our efforts to degas the waveguide enough to guarantee the absence of all bubbles
had an unanticipated side effect. When we did an initial data run, we found the
calculated sound speeds had dropped significantly, although their shape seemed
to agree more with the shape of the EDFM curve (Fig. 2.13a). The experiment
was immediately repeated with a finer set of position steps, which resulted in us
noticing that the resonance frequencies had shifted slightly but significantly in a
very short amount of time, causing the calculated sound speeds to rise a little (Fig.
2.13b).
We left the waveguide to sit overnight so the water could reabsorbed air bub-
bles. The data taken the following day (Fig. 2.13c) yielded sound speeds that
formed a familiar pattern. Fig. 2.14 compares the sound speeds calculated from
sediment-filled balloons and the sound speeds of the sediment-filled netting pack-
ets. Although the slopes and sound speed ranges differ somewhat, the downward
trend is very similar. It seems unlikely that there were any bubbles present to
distort the data taken with the netting packets, but it is possible that they were
present, just with a smaller void fraction than the sediment balloon case. However,
this deviation from the EDFM may be due to something else, something that is
as of now unidentified.
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Figure 2.13: Calculated sediment sound speed for three sequential runs: (a)
done directly after finished degassing; (b) done immediately after the first (a);
(c) done the next day. The first image shows 10 Hz to 4 kHz, while the last two
images focus on the frequency range occupied by the data points (200 Hz to 4
kHz).
Figure 2.14: Calculated sediment sound speed for (a) sediment filled balloons
and (b) netting packets.
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2.5.3 Summary of Results
Apart from discovering that it is possible to alter the acoustic properties of water
through excessive degassing, we learned that the systematic deviation from the
EDFM may not be due to the presence of small air bubbles. Fortunately, there was
not a large difference between using balloons and netting to contain the sediment.
Perhaps with some improvements we can still use balloons to study sediment of a
much smaller grain size in the future, once the issues with the method are worked
out.
2.6 Overall Experimental Results
In both waveguides, there is a clear downwards shift in the frequencies of the
resonances due to the presence of the sediment packets. Although the data from
the aluminum tube did not work with the conventional analysis, we will study it
further using COMSOL. Since the glass waveguide is more rigid, it interacts much
less with the waveguide’s contents. This, possibly aided by the different dimen-
sions, allowed the Matlab analysis to be more well-suited for the data collected in
the glass waveguide. There remains an unresolved issue with the glass waveguide
analysis. The deviation from the EDFM may be due to the presence of small
bubbles. To really check whether this is true, more measurements would need to
be taken after leaving the packets sitting in the waveguide for another week or
two. In testing the bubble hypothesis, we discovered that the two encapsulation
methods seem to give similar results, so it may be possible to use balloons to
study small-grained sediment in future experiments. We could perhaps leave the
balloons untied, hooking them under the opening’s lip so that they remain open
to the surrounding water and susceptible to the vacuum degassing method.
Chapter 3
Modeling
3.1 Overview of COMSOL Modeling
COMSOL is a finite-element numerical modeling software and was used to model
the aluminum waveguide experiment. In COMSOL, there are many physical do-
mains, each with the appropriate governing equations. These can be chosen and
combined as needed. To model a waveguide, we needed two: pressure acoustics
and solid stress-strain. Then the geometry is defined to exactly match the dimen-
sions of the system being modeled. Every boundary and domain must be defined
for both the pressure acoustics domain and the solid stress-strain domain along
with any necessary physical parameters.
The numerical analysis begins with the creation of a mesh, an overlay of triangles
that divide up the area so that all edges are well defined. This mesh can be refined
as needed, with corresponding increases in the computation time. COMSOL then
compiles a set of partial differential equations representing the entire model and
solves them to give a solution. Once computed, a wide variety of plots can be
generated, surface and cross-sectional plots being most relevant for this case.
All waveguide COMSOL models were done using 2D axial symmetry. The waveg-
uides are approximately symmetric about their axis and modeling them as such is
a lot cheaper computationally.
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3.2 Empty Waveguide
3.2.1 Model Geometry of Empty Waveguide
Using 2D axial symmetry, the waveguide was drawn with two rectangles (Fig. 3.1).
The first borders the axis of symmetry with a height of 1.9029 m, which is the
effective length calculated by subtracting the experimental water height from the
waveguide’s full length, and a width of 0.1015 m. This rectangle is the inside of
the waveguide and was thus given the properties of water and set in the pressure
acoustics domain. The second rectangle borders the first rectangle’s other side
with an identical height and a width of 0.007 m. This is the cylindrical shell of
aluminum that is the waveguide itself and so was given the properties of aluminum
and set in the solid stress-strain domain. A point source was created on the axis
of symmetry near the top of the waveguide to represent the piston from the real
experiment. The radiation out from this point was arbitrarily chosen to be 1 m3/s.
Although the modeled ‘piston’ must be on the axis of symmetry in order to use 2D
axial symmetry, this is not an entirely accurate representation of the real system,
where the piston was slightly offset and was not a point source. Outside the
waveguide is a half-circle representing a surrounding sphere of air. The interior
of this half-circle was given the properties of air and set in the pressure acoustics
domain.
The axis of symmetry was automatically given an axially symmetric boundary. In
the pressure domain, the half-circle was given a spherical wave radiation boundary
condition so that outgoing pressure waves are not reflected back into the system.
There is some reflection from waves that are not spherical enough, but the cir-
cle was made large enough to make this effect negligible. Also in the pressure
domain, the aluminum-water boundary and the three aluminum-air boundaries
were defined to be structural acceleration boundaries with a normal acceleration
constraint. For the two air-water boundaries the interface was fully defined by the
density and sounds speed of the materials, using the “continuity” boundary op-
tion of COMSOL. In the solid stress/strain domain, all four sides of the aluminum
rectangle were given fluid load boundary conditions.
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Figure 3.1: COMSOL model of the empty aluminum waveguide.
3.2.2 Calibration of the Model
To calibrate this model of the aluminum waveguide, we compared the frequencies
from the spectrum COMSOL calculated to the frequencies found in the water-
filled waveguide experiment. There are three material property inputs for the
aluminum: the Young’s modulus, Poisson’s ratio, and density. By changing the
Young’s modulus slightly from the standard value, we were able to fit the model
as closely as possible to the experimental data. We changed the Young’s modulus
because the frequencies were much more insensitive to slight changes in the density
or Poisson’s ratio. The final aluminum material properties were a Young’s modulus
of 7.4e10 Pa, a Poisson’s ratio of 0.33, and a density of 2700 kg/m3.
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3.3 Model of Aluminium Waveguide with Sedi-
ment treated as a Fluid
3.3.1 Geometry of the Waveguide
Once the empty waveguide was calibrated, the eighteen 4 cm radius sediment
packets were added, spaced uniformly on the symmetry axis (Fig. 3.2).
Figure 3.2: (a) COMSOL model of the aluminum waveguide with 18 evenly
spaced sediment packets. (b) Close up of waveguide’s top.
Initially we kept the system as simple as possible, neglecting shear speed and
treating the sediment as a fluid. The interior of the packets was modeled as an
effective material comprised of the glass beads and water inside the packets has
an easily calculated effective density and an unknown effective sound speed. The
outer edges of the sediment packets have a continuity boundary condition.
3.3.2 Model Results
In order to compare the model to the experiment, we compared the shift in fre-
quency for each mode due to the presence of the sediment packets. Inputting
EDFM sound speed values as a best first guess, the COMSOL-calculated changes
in frequency from the models with and without sediment packets were not too
different from the experimental values found earlier. However, when we tried to
change the sound speed for each resonance frequency in order to find the sound
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speeds that give the correct frequency shifts, we found the model was extremely
insensitive to changes in sediment sound speed values.
We chose values for the sound speed that ranged far beyond the possible values
the sediment sound speed could take. Fig. 3.3 shows how they deviate slightly
from the EDFM values but never come close to matching the experimental data.
The model had the same insensitivity to changes in the density, as shown in Fig.
3.4.
Figure 3.3: Experimentally observed frequency shifts compared to the fre-
quency shifts predicted by the COMSOL model for EDFM sound speeds, a
sound speed of 1,000 m/s for all frequencies, and a sound speed of 3,000 m/s
for all frequencies.
In retrospect, this is not altogether surprising since the fluid model is based on
impedance mismatches, and impedance is given by
Z = ρc (3.1)
Thus changing the sediment’s density would have the same scale effect as changing
the sound speed. This insensitivity to changes in the sediment sound speed shows
that modeling the sediment as a fluid is insufficient, so the next step is to include
the shear speed and treat the sediment as a solid.
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Figure 3.4: Experimentally observed frequency shifts compared to the fre-
quency shifts predicted by the COMSOL model for various densities.
3.4 Model of Aluminum Waveguide with Sedi-
ment Treated as a Solid
3.4.1 Geometry of the Waveguide
The COMSOL model with solid sediment packets is identical to its predecessor
except that the outer edges of the packets now have fluid load boundary conditions
and the sediment input parameters are its Young’s modulus, Poisson’s ratio, and
density. The density is known to be 1931.6 kg/m3, but the other two will be varied
to try to find a best fit.
3.4.2 Model Results
The first of the adjustable parameters is the water-saturated sediment’s effective
Young’s modulus. However, the Young’s modulus can be calculated from chosen
values of compressional sound speed via the equation
E = ρc2c (3.2)
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where ρ is the density and cc is the compressional sound speed. Holding the shear
speed constant at 100 m/s, we ran COMSOL for the average EDFM sound speed
of 1,765 m/s as well as multiple other compressional sound speed values. Shown
in Fig. 3.5 is the spectrum of the COMSOL model for the EDFM sound speed
and the spectrum corresponding to sound speeds of 1,600 m/s and 3,500 m/s. It is
clear that despite incorporating shear speed into the COMSOL model, it remains
insensitive to large changes in compressional sound speed. The shear speed’s main
effect seems to be to shift the entire spectrum up in frequency.
Figure 3.5: COMSOL-calculated spectra for compressional sound speeds of
1,600 m/s, 1,765 m/s, and 3,500 m/s while holding shear speed at 100 m/s.
Inset is an expansion of the peak at 1100 Hz.








where cc is the compressional sound speed and cs is the shear sound speed. In-
creasing the shear speed causes the spectrum to shift to lower frequencies, closer
to the experimentally measured values (Fig. 3.6). However, it still remains above
the experimental resonance frequencies for shear speed high enough that the sedi-
ment’s Poisson’s ratio is effectively zero. Even with the Poisson’s value that gives
the frequencies closes to those measured experimentally, the spectrum still has no
significant reaction to variations of the compressional sound speed. However, the
COMSOL model’s sensitivity to changes in shear speed indicates that we need to
include shear speed in order to accurately model the system.
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Figure 3.6: COMSOL-calculated spectra for shear speeds of 100 m/s and 200
m/s while holding the compressional sound speed constant at 1765 m/s.
3.5 Discussion of COMSOL Modeling Results
Despite the many adjustments made to improve the COMSOL model of the alu-
minum waveguide, it remained fairly insensitive to changes in compressional sound
speed. We began by modeling the water-saturated sediment packets simply as a
fluid, ignoring shear speed. Once it was clear that this was insufficient, we rein-
troduced shear speed by switching the sediment packets to belong to the solid
domain. However, despite the COMSOL model’s sensitivity to shear speed, it was
never able to get closer to the experimental results than did the fluid-sediment
version and was just as insensitive to changes in compressional sound speed.
A discussion with ARL’s Dr. Marcia Isakson revealed that there were several
improvements in a newer version of COMSOL, including the option to model sed-
iment as a poroelastic solid instead of having it fall into the same physical domain
as the waveguide walls. Although ‘solid’ still does not describe the sediment frame
with complete accuracy, it could nonetheless lead to substantial improvements in
the COMSOL model’s representation of the experimental system.
Chapter 4
Conclusion
4.1 Summary of results
Using a waveguide to study sediment acoustics allows us to delve into frequencies
lower than done before, which is exciting since it means we will be able to compare
data to parts of the leading model that are relatively untested. By using larger
waveguides, we could conceivably get data points for frequencies as low as 50 Hz.
Though the physics of the apparatus are well understood, some flaws in the analysis
still remain. The current Matlab analysis for the glass waveguide’s data does not
seem to take into account all of the necessary physics to describe the system.
The COMSOL analysis designed for analyzing the aluminum waveguide data is
missing some information necessary to completely describe the acoustics of the
system, causing it to be insensitive to changes in sediment sound speed. Once
these issues are sorted, we can continue on to use this method to study sediments
whose predicted EDFM curves have transitions in our method’s frequency range.
Since most sediment’s transition regions occur at lower frequencies, it is a rather
essential feature of the model that has not been thoroughly verified experimentally
thus far.
4.2 Future work
There is still a lot of work left to do before this new waveguide technique is fully
viable. Refinements need to be made the resonator apparatus, the experimental
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technique and the data analysis methods Should the COMSOL model be improved
enough, it could be used to analyze data taken in either waveguide. Once either
of these pathways is cleared, we can begin to study the region of the Biot model
at and below the transition frequency.
Appendix A
Matlab Data Analysis Code
%Resonator Data Analysis Script
%This script analyzes the data collected in experiments with the
%waveguide to ultimately create a plot comparing the calculated
%water-saturated sediment sound speed to the sediment’s EDFM
%predicted sound speed dispersion.
%load data
load data140319.mat;data=data140319;clear data140319; %N=50
%tube parameters
Ltube=1.4732%length of tube in meters
h=0;%height from water surface to top of tube in m
L=Ltube-h%length of waveguide in m
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end
M=max(max(tmp));tmp=tmp’-M;
%plot all trasnfer functions
figure;imagesc(f,z,tmp);xlabel(’frequency (Hz)’);ylabel(’z/L’);
box on;c=colorbar;ylabel(c,’dB’);set(gca,’clim’,[-65 0])








n=1.01;%adjust mode number - for non-perfect bottom Boundary Conditions
x=Ltube*((0:51))/51;
plot(x,sin(n*pi*x/Ltube))
clear f tmp N
%manually enter in resonance frequencies -- use transfer function
%plot to determine
fexp=[441.3 869.3 1296 1729 2153 2590];
N=(1:6); %mode numbers
N(1)=n; %adjust first number
%compute waveguide phase speeds and errorbars
c=2*L*fexp./N
df=data(1).data(2,1)-data(1).data(1,1); %size of frequency bin in Hz
dL=0.01; %error in heigth measurement is \pm 1 cm
dc=(2./N).*((L*df).^2+(fexp.*dL).^2+df*dL).^(1/2);
%plot measured waveguide phase speeds
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figure
h1=errorbar(fexp,c,dc,’ko’);box on; grid on
xlabel(’frequency (Hz)’);
ylabel(’phase speed (m/s)’);
title([’Phase speed inside ’,num2str(L),’ m waveguide at first ’,
num2str(length(N)),’resonances’]);
%%
% Using Lafleur and Shields (L&S) elastic waveguide model, compute the
%modified sound speed and compare to measured waveguide phase speeds to
%find instrinsic effective medium sound speed ceff
% Input Parameters
C0m = 1100:10:1300; % sound speed range of interest (m/s)
fmax = 3100; % max value frequency (Hz)
fmin = 100; % start value frequency (Hz)
N = 1000;
%Waveguide material parameters
pw = 2199.4; % Waveguide Density (kg/m^3)
Y = 6.077*10^10; %Young’s Modulus
v = 0.212; % Poisson’s Ratio
Cc = sqrt((Y/pw)*((1-v)/((1+v)*(1-2*v)))); % Compressional Sound Speed (m/s)
Cs = Cc/sqrt(2*(1-v)/(1-2*v)); % Shear Sound Speed (m/s)
b = 0.03 ; % inner radius (m)
d = 0.04; % outer radius (m)
%Sediment packet properties annd volume fraction
Vtot=pi*b^2*L;%total volume of waveguide
aeff=0.019;%effective spherical radius of sediment packet in m
Vsed=(4*pi*aeff^3)/3;%volume of individual sediment packet in m^3
M=13;%number of sediment packets
chi=M*Vsed/Vtot%volume fraction of water-saturated sediment in waveguide
%water properties
rhow=998;%density of water in kg/m^3
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g=9.8;%accelertion due to gravity in m/s^2
Pgage=1e-5*rhow*g*L/2;%hydrostatic pressure at mid-depth in waveguide
T=20.3;%measured water temp in degrees C
cw=ctemp(Pgage,T)%computes water sound speed using ctemp function
Kw=1./(rhow*cw^2);%bulk modulus of water
%water-saturated sediment properties
rho_grain=2487;%Dry sand grain or bead density
beta=0.373;%Porosity
rhos=beta*rhow+(1-beta)*rho_grain;%effective water-saturated sediment density
rhom=chi*rhos+(1-chi)*rhow;%effective total medium (water + water-saturated
%sediment) density
%density and sound speed inputs for L&S model
pl = rhom;%same as effective medium density
C1 = 1438;%Pick a value to enter in m/s
%C1=[1475 1449 1438 1439 1433 1438]; %Store C1 values for later use here
% L&S alculations
wf=2*pi*fmax; % final frequency
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set(gcf,’paperposition’,[0 0 3.375 3.375]);
set(gcf,’renderer’,’painter’);
%%
%find compressibility Ks of water-saturated sediment from ceff using
%Mallock-Wood Equation
C1=[1458 1449 1438 1439 1433 1438];
cm=C1;%Set effective medium sound speed equal to instrinsic sound speed C1
Ks=(1/chi)*(rhom*cm.^2).^(-1) - Kw*(1-chi)/chi;%compute water-saturated
%sediment compressibility using Mallock-Wood
cs=(rhos*Ks).^(-0.5) %find sediment sound speed in m/s
%%
%This section of the code is used to compare the data with Kevin
%William’s effective fluid density model (EFDM)
%EFDM model
clear w f
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f = 1e1:10:3e3; % frequency (Hz)
d=0.002;%Average grain diameter in m
kappa=beta^5.5/5.6*d^2;%permeability estimate using hard-sphere packing model
n = log(36*kappa*2*(1-beta)^2/(beta^3*d^2))/(2*log(beta));
alph=1/beta^n;% tortuosity
rhos = rho_grain; % mass density of sediment (kg/m^3)
rhof = rhow; % mass density of fluid (kg/m^3)
nu = 0.00102; % fluid viscosity (kg/m/s)
Kr = 39.8e9 ; % bulk modulus of sand grains (Pa)
c0 = cw;%fluid sound speed
Kf = rhof*c0^2;%bulk modulus of fluid
w = 2*pi.*f’; % angular frequency (rad/s)
rho = beta*rhof + (1-beta)*rhos; % water-sediment mixture denisty (kg/m^3)
a = sqrt(8*alph*kappa./beta);%pore size factor
eps = sqrt(w.*rhof./nu).*a;
barg = eps.*sqrt(1i); % argument of bessel funtions
T = -sqrt(1i).*besselj(1,barg)./besselj(0,barg);
F = (eps.*T./4)./(1-2*1i.*T./eps);%viscosity correction factor
num = alph.*(1-beta)*rhos + beta.*(alph-1).*rhof + 1i*beta*rho*nu.*F./
(rhof*kappa.*w);
den = beta*(1-beta)*rhos + (alph-2*beta+beta^2)*rhof + 1i*beta*nu.*F./
(kappa.*w);
rhoeff = rhof.*num./den;
H = ((1-beta)./Kr + (beta)./Kf)^(-1); % Effective Modulus
ckw = sqrt(H./rhoeff); % Effective sound speed
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% ylabel(’effective denisty (kg/m^3)’)
cphase=real(ckw);%sediment sound speed in m/s
Att=20*log10(exp(1)).*imag(w./ckw);%sediment attenuation in dB/m













%This script contains Lafleur & Shields method for correcting the elastic
%waveguide effect.

















d.*(Qm.*b+1)).* ...(Pm.^2.*Tm.*pi^2./8./Em - Pm.^2.*q0m.^2.*Tm.*pi^2./8./Em.^2);
five=(Lmn(b,d,1,1,Tm).*Lmn(b,d,1,0,Pm).*b+Lmn(b,d,1,1,Tm).*Lmn(b,d,0,1,Pm).*







%This script calculates the quantity called Lmn from Eq. (5) in Lafleur &
%Shields JASA 97(3), p1437
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